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Cardiovascular Diseases (CVDs) have been causing millions of death every year, being 
the main cause of death worldwide.  
Hypertension is one of the most relevant CVD risk factors. The development of an easy, 
low-cost and accurate diagnostic technique capable of detecting early alterations on the 
cardiovascular system performance is very important, since it allows increasing the 
survival probability.  The analysis of central blood pressure (cBP) waveform provides 
relevant clinical information since cardiovascular pathologies alter its shape. 
This research project is focused on the development of a new, non-invasive 
hemodynamic probe which integrates a piezoelectric (PZ) sensor and an accelerometer 
connected to a demodulator circuit. The probe assesses the waveform of carotid blood 
pressure simulated through test bench systems, developed along this project. Result 
signals are acquired by using, at first stage, an USB NI-6008/USB NI-6210 module in 
association with an arbitrary waveform generator (Agilent), a power source and a 
computer. At a later stage it was used a multifunctional instrument capable to generate, 
record, convert, measure and analyze analog and digital signals (Digilent module) and a 
computer. Algorithms capable to process the acquired signals were developed through 
Matlab software. 
The results of the system performance evaluation, including the validation tests 
performed on bench systems are presented, as well as the abbreviated signal analysis 
methodology applied. Experimental test proved the efficiency of the developed 
acquisition box and the last version of the test bench system whose allowed assessing, 
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As doenças cardiovasculares (DCVs) causam milhões de mortes todos os anos, sendo a 
principal causa de morte no mundo inteiro.    
A hipertensão é um dos mais relevantes factores de risco das doenças cardiovasculares. 
Assim sendo, é muito importante o desenvolvimento de um método de diagnóstico que 
seja barato, fácil utilização, preciso e capaz de detectar alterações precoces da 
performance do sistema cardiovascular, permitindo, desta forma, aumentar a 
probabilidade de sobrevivência. A análise da forma de onda da pressão sanguínea 
central fornece informações clínicas relevantes uma vez que patologias cardiovasculares 
alteram a sua forma de onda. 
Este projecto de investigação foca-se no desenvolvimento de um novo sensor 
hemodinâmico não-invasivo que integra um sensor piezoeléctrico e um acelerómetro 
ligados a um circuito demodulador. O sensor acessa a forma de onda da pressão 
sanguínea, simulada através das bancadas de teste desenvolvidas ao longo deste 
projecto. Numa fase inicial, os sinais resultantes são adquiridos recorrendo á utilização 
dos módulos de aquisição USB NI-6008 ou USB NI-6210 associado a um gerador 
arbitrário de formas de onda (Agilent), a uma fonte de alimentação e a um computador. 
Numa fase posterior foi utilizado um dispositivo multifuncional capaz gerar, guardar, 
converter, medir e analisar sinais analógicos e digitais (Digilent) e um computador. 
Algoritmos capazes de processar os sinais foram desenvolvidos utilizando o Matlab. 
Os resultados das avaliações da performance do sistema são apresentados ao longo da 
dissertação, incluindo os testes de validação efectuados nas bancadas de teste e a 
descrição da metodologia aplicada à análise dos sinais recolhidos. Testes experimentais 
provaram a eficiência da caixa de aquisição e da última versão da bancada de teste, 
permitindo adquirir, com precisão, sinais referentes à pressão arterial e à sua forma de 
onda.   
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1.1 Motivation  
Cardiovascular diseases (CVDs) are the main cause of death worldwide. According to 
the World Health Organization (WHO), at least 17.3 million people died from CVDs in 
2008, representing 30% of all death. Statistics relative to developed countries are more 
disturbing, revealing that CVDs are responsible for 40% of all death against 28% on 
underdeveloped countries [4, 53]. Because of the high mortality and morbidity, it’s very 
important to detect with high precision the early manifestation of these diseases.  
Hypertension is the main CVD risk factor where the arterial blood pressure (ABP) is a 
parameter that plays a significant role on the cardiovascular condition assessment. 
Through its waveform analysis, abundant, reliable and important clinical information 
about cardiovascular system performance is achieved, because cardiovascular 
pathologies affect the arterial pressure waveform (APW) in many ways [54].      
The main methods for clinical ABP measurement are expensive and difficult to operate, 
even for professionals. In intense care units an intravenous catheter is used to assess the 
ABP.  Despite its accuracy, it is an invasive method, the discomfort is very high and it 
has some risks to the patient. Non-invasive methods such as the Riva-Rocci 
‘sphygmomanometer, automated devices based on the oscillometry and auscultation 
method using a stethoscope, are mainly used in non-critical clinical situations. These 
techniques have some weaknesses: the measurement process is slow and limited, they 
have methodological and observer errors and some of them measure the peripheral 
ABP, which has a lower predictive value [6, 37].  
The measuring method that is proposed in this project is non-invasive, low-cost, easy 
and practical to use and it has already proved its feasibility in test bench and in vivo 
conditions [7, 58].   
This work intends to introduce some methodological improvements on the hardware 
and software and to develop of a strong algorithm capable to extract decisive clinical 
information from the ABP waveform, allowing an easy and quick patient assessment 
and diagnosis.   
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1.2 Main Contribution 
This project allowed the improvement of a low-cost, small and portable prototype 
capable of easy and accurately detecting carotid blood pressure waveform. Algorithms 
were developed to extract relevant clinical information from the shape analysis.  
 
1.3 Content by Chapter 
On this section a brief content resume of each chapter will be presented in order to 
guide the reader throughout this thesis. 
Chapter 1 – Introduction: This chapter introduces the framework and objectives of 
this project, describing its structure.   
Chapter 2 - Theoretical Background: Physiological concepts about cardiovascular 
system, arterial pressure and relevant hemodynamic parameters are presented. A 
brief approach about PZ sensors and accelerometers are also found at the end of this 
chapter.   
Chapter 3 – Process methodology: The Chapter describes the two different 
acquisition systems developed during this project, indicating the several constituents 
that integrate them and their respective function. Some theoretical support concepts 
are also presented. 
Chapter 4 – The Hemodynamic probe: In this chapter a detailed description of the 
hemodynamic probe design, constitution and performance is done. Experimental 
tests results are presented and analyzed. 
Chapter 5 – Amplitude Demodulator: This chapter presents theoretical 
information about modulation and demodulation processes, focusing on envelope 
detector circuit design and performance. Experimental tests of the demodulator, both 
on the breadboard and printed circuit board (PCB) are detailed as well as their result 
and analysis. 
Chapter 6 – Test bench system: This chapter focuses on the description of the two 
different test bench systems developed during this project in order to simulate the 
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ABP waveform. The result signals obtained from the experimental tests are 
analyzed.  
Chapter 7 – Conclusion: This chapter shows the general conclusions from this 
work, future ideas and suggestions that may improve results. 
Appendixes: Several documents are presented, detailing the specificities of devices 
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2.1 Cardiovascular System Physiology 
2.1.1 The Heart 
Located in the thoracic cavity, medial to lungs, posterior to the sternum and superior to 
the diaphragm, the heart is a muscular organ surrounded by pericardium that weighs 
          and which size approximates a closed fist. Its function is to pump blood 
throughout the body's tissues, removing carbon dioxide and providing them oxygen and 
nutrients [60]. 
According to the figure 2.1 the heart anatomy consists of four compartments: the right 
and left atria; the right and left ventricles. Left ventricle's free wall and septum are 
thicker than the right ventricle wall since it’s responsible to pump blood trough the 
systemic circulation, needing higher pressure than for respiratory circulation   [56, 60]. 
It also contains four valves classified on two main types:   
 Atrioventricular 
˗ Tricuspid valve: located between the right atrium and ventricle; 
˗ Mitral valve: stands between the left atrium and ventricle; 
 Semilunar 
˗ Pulmonary valve: found between the right ventricle and pulmonary 
artery; 
˗ Aortic valve: lies in the outflow tract of the left ventricle controlling the 
blood flow to aorta [56]. 
Figure 2.1 shows the cavities and the movement route of the blood inside the heart. 
                
Figure 2.1: The anatomy and physiology of the heart. The image illustrates the anatomical structure of the heart, 
showing all the cavities, valves and main arteries. It’s also possible to see the courses followed by the blood 
during a heart cycle [8].        
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The greater vessels are the superior and inferior vena cava, the pulmonary artery and 
veins, as well as the aorta. 
2.1.2 Cardiac cycle 
A cardiac cycle refers to any heart event related to blood flow and blood pressure from 
the beginning of one heartbeat to the beginning of the next one. A single heartbeat, 
which duration is approximately one second, has five main stages. At the first two 
stages, both considered as "Ventricle Filling" stages, the blood moves from atria to 
ventricle. The next two stages involve the blood movement from ventricle to pulmonary 
artery (right ventricle) and aorta (left ventricle) during isovolumetric contraction and 
ejection phase. What follows is the quiescent phase where an isovolumetric relaxation 
on early ventricle diastole occurs [56]. 
The figure below shows the variation of the pressure, ventricular volume, heart sounds 
and electrocardiogram signal during a single cardiac cycle. 
 
Figure 2.2: Cardiac cycle diagram and its stages. At the first two stages the ventricle is filled with blood. The three 
next stages correspond to the movement of the blood to pulmonary artery (right ventricle) and aorta (left 
ventricle). During a cardiac cycle contraction and relaxation there are changes on the aortic pressure, left 
ventricle pressure (LVP), left atrial pressure (LAP), left ventricle volume (LV Vol) and heart sounds. All those 
changes are time related to the electrocardiogram (ECG) [16, 24]. 
The heart pumping leads the blood to have two main circulatory routes: the systemic 
and respiratory [15]. 
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 Respiratory circulation 
Deoxygenated blood from all over the body enters the right atrium through superior and 
an inferior vein cave. Then, it is pumped through the tricuspid valve into the right 
ventricle. From the right ventricle, the blood is pumped through the pulmonary valves 
into pulmonary trunk. 
At the lung the carbon dioxide is released and oxygen is absorbed.  After gases 
exchange, oxygenated blood returns to heart through pulmonary arteries, filling the left 
atrium [56]. 
 Systemic circulation 
The blood that arrives on the left atrium from lungs goes to the left ventricle passing 
through mitral valve. After ventricle systole the blood is pumped through the aortic 
semilunar valve into the aorta. From the aorta, blood enters into systemic circulation 
throughout the body tissues, providing oxygen, until it returns to the heart via the vena 
cava [55, 56]. 
 Coronary circulation 
The myocardium also has its vital needs. The right and left coronary arteries which arise 
from the ascending aorta and encircle the heart are responsible to reach heart ‘cells with 
oxygenated blood [56].    
Figure 2.3 presents the main circulatory routes, the respiratory and the systemic one.  
 
Figure 2.3: Blood circulation during a cardiac cycle. At the right atrium venous blood arrives from all over the 
body which is then pumped through the respiratory circulation where gases exchanges are made, reaching the 
blood with oxygen. The left side receives the oxygenated blood from the lungs and pumps it to the all body, 
through the systemic circulation [16]. 
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2.2 Cardiovascular Diseases 
2.2.1 General concepts 
CVD is a class of disease caused by disorders of the heart and blood vessels (arteries, 
capillaries and/or veins) [2, 61]. It includes several diseases as: 
˗ Coronary heart disease: troubles on blood vessels supplying heart muscle; 
˗ Cardiomyopathy: problems with the heart muscles itself; 
˗ Cerebrovascular disease: problems on blood vessels supplying the brain; 
˗ Cardiac Dysrhythmias: Abnormalities on the heart rhythm; 
˗ Peripheral arterial disease: when blood vessels that supply arms and legs are 
compromised. 
˗ Rheumatic heart disease: damage on the heart muscle and heart valves from 
rheumatic fever, caused by streptococcal bacteria; 
˗ Congenital heart disease: birth malformations on the structure of the heart; 
˗ Deep vein thrombosis and pulmonary embolism: blood clots in the leg veins, 
which can dislodge and move to the heart and lungs [61]. 
Some situations can lead to heart diseases but the most common are the atherosclerosis 
and hypertension. Atherosclerosis corresponds to artery hardening and blockage due to 
accumulation of fatty materials such as cholesterol and triglycerides in the inner wall of 
the blood vessel, named atheromatous plaque [19]. On the other hand, hypertension is a 
chronic medical condition in which blood pressure in arteries is elevated [17, 18]. 
 
2.2.2 Risk Factors  
Some behaviors may constitute a risk to the cardiovascular health. Unhealthy diets, 
physic inactivity, harmful use of alcohol and tobacco promote metabolic risk factors 
such as raised blood glucose, raised blood lipids, overweight, obesity, diabetes mellitus, 
and raised blood pressure. That contributes to heart diseases and stroke [26, 57, 61, 64]. 
 
2.2.3 Statistics 
WHO statistics show that CVDs correspond to the main cause of death worldwide. In 
2008, 30% of all death was due to CVD representing an amount of 17.3 million people, 
7.3 million due to coronary disease and 6 million due to stroke [4].   
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In 2030 statistics predict that an amount of 23.3 million people will die from CVD [4].  
 
2.2.4 Hypertension 
Hypertension corresponds to a constant high blood pressure, beeing one of the major 
risk factors for stroke, coronary heart disease, congestive and renal failure, peripheral 
and vasculular disease [2, 37, 42, 45, 61]. 
 
The  risk of hypertension may be caused  by the high systolic blood pressure (SBP), the 
high diastolic blood pressure (DBP) or by their combination, both high systolic and 
diastoolic blood pressure. However, high SBP contributes more for eventual 
complications.[2, 43]. 
 
It is highly recommended to measure blood pressure, at least, twice, on separate 
occasions.  A person is only labeled as having hypertension if the average of two 
readings is  at or above 140/90 mmHg [44]. The table below presents the standard 
values used to classify the different levels of hypertension on adults.  
 













- Stage 1  (mild) 
- Stage 2  (moderate) 
- Stage 3  (Severe) 












Therefore, it is imperative that the diagnosis of hypertension be based on accurate, 
representative, and reproducible measurements. 
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2.3 Arterial pressure Waveform 
2.3.1 General Concepts 
 Throughout the arterial tree, while cross-sectional area increases the average diameter 
reduces, reflecting an increase on the number of arterial bifurcation toward arterioles 
and capillaries. The force that commands the blood flow is a result of the pressure 
created by the heart.  
During heart systole, left ventricle contraction ejects blood into ascending aorta and, 
since it is elastic, it stores part of this blood leading to its wall distension and formation 
of an arterial pressure [27]. Then it recovers its original size resulting on a pulse wave 
that propagates throughout the arterial tree with a velocity that depends on a stiffness of 
the arteries.  Pliability and compliance are some artery’s properties that allow formation 
of a palpable pressure wave [19]. 
The pulse is one of the most critical signals of human life and it may be felt in various 
parts of the body where the arterial pulsation is transmitted to the skin surface, 
especially when it’s compressed against a bone structure. Some measurement sites 
include the temporal artery at the sides of the forehead, facial artery at the angle of the 
jaws, carotid artery in the neck, brachial artery, radial artery at the wrist, femoral artery 
the groin, popliteal artery behind the knees, posterior tibial artery and dorsalis pedis 
artery over the foot [25]. The next figure shows the several measurement sites 








Figure 2.4: Arterial pulse (AP) measurement sites. The image presents different parts of the body where AP 
measurement is convenient since the arteries are at a superficial level and most of them can be compressed 
again a bone structure [25]. 
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2.3.2 The morphology 
The shape and amplitude of the pulse wave varies according to the measurement site. 
However the most analyzed pulse shape is the aortic one, presented on the next figure.  
 
Figure 2.5: Aortic pulse waveform. Each peak on the pulse shape has a physiological meaning. A- Systolic 
wave; B- Reflected wave; C- Dicrotic incisura; D- Dicrotic wave; [21] 
 
The first peak is the most significant in terms of amplitude and it’s due to blood ejection 
into aorta, by left ventricle. This pressure wave is reflected on first ramification of the 
aorta returning to the measurement site forming peak B. Reflected wave is caused not 
only for discontinuity on arterial wall but also for high vessel resistance. The dicrotic 
incisura is the depression that follows reflected wave peak and that occurs at the end of 
a systole, when artery’s wall starts recovering its initial size. Peak D appears due to 
closure of aortic valve that exerts a small pressure forcing blood to return to aorta, 
producing a small dilatation on its walls [57]. 
 
Arterial pressure wave changes its shape while it travels down the aorta. Increasing the 
distance from heart SBP augment, DBP slightly falls and the amplitude oscillation 
between SBP and DBP, pulse pressure, doubles [27, 57]. Figure 2.6 shows the different 





Figure 2.6:  APW along the arterial tree. The shape of pulse wave changes through the arterial tree since SBP 
increase, DBP slightly reduce and pulse pressure doubles [27]. 
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APW measured at carotid has a higher cardiovascular predictive value than that 
measured at peripheral arteries since it is very close to the aorta and heart.  
Measurements made at peripheral sites such as radial or brachial arteries require a 
transfer function to reconstruct aortic waveform besides the lower data accuracy. 
However, peripheral arterial blood pressure (pABP) measurement reveals to be helpful 
when carotid artery is difficult to access, for example, in obese patients with major 
atherosclerotic plaques. cBP measurement necessitates a higher degree of technical 
expertise however a transfer function is not necessary [22]. 
Abundant and consistent clinical information about the cardiovascular system may be 
extracted from the cAPW.  
Arterial vascular diseases such as atherosclerosis, stenosis, sclerosis, functional 
circulatory disturbances, arterial spams and occlusions, hypertension and coronary heart 
disease are examples of pathological condition that may be detected analyzing AP wave 
since they affect its shape in different way such as the strength, reflection and 













Figure 2.7: Different APW due to different cardiovascular pathologies. APW shape analysis provide valuable 
information about the cardiovascular system state and performance [21, 54]. 
 
2.3.3 Arterial pressure waveform typology  
Murgo JP et al (1980) proposed a criteria that classify APW in four main types [31]: 
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 Type A 
Inflection point occurs before systolic point. The value of augmentation index (Aix) is 
positive representing a stiffer artery.  
Aix is an important parameter that varies significantly, according to the APW and 
contributes widely to CVD assessment [22, 31]. This parameter is explained, with fully 
details on section 2.4.4. 
 Type B 
Inflection point occurs shortly before the peak systolic and indicates smaller arterial 
stiffness (AS).  Just like the type A APW, Type B as a positive AS.  
 Type C 
The inflection point occurs after peak systolic. The value of Aix is negative meaning 
that the artery is relatively elastic and healthy. 
 Type D 
Waveform is similar to type A pulse wave velocity (PWV), but inflection point cannot 
be observed visually because reflected wave arrives early in systole and merge with the 
incident wave.  











Figure 2.8: Different types of APW according to Murgo JP, et al, (1980). Pd: DBP; Ps: Systolic pressure; Pi: 
Inflection point   [22, 31]. 
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2.3.4 Measurement Device 
ABP is an important vital sign which allows assessing the cardiovascular system state.  
Direct intra-arterial measurement using a catheter is the gold standard of ABP 
measurement. However it is not practical or appropriate for repeated measurements 
outside a hospital. Besides being an invasive method, it has some risks to the patient and 
the discomfort is very high [37]. 
Indirect measurement techniques still rely almost exclusively on applanation tonometry 
where artery is squeezed against the underlying bone structure. Despite being less 
accurate and less reproducible, indirect methods are still simple, practical, low in cost 
and non-invasive [37]. 
 
Sphygmomanometer is a common indirect method, introduced on 1896 by Riva Rocci, 
constituted by an occluding cuff, a stethoscope and a manometer with a calibrated scale 
for measuring pressure. The cuff is inflated to a level above arterial pressure in order to 
occlude the artery and then is gradually deflated. As the pressure in the cuff is reduced, 
pulsatile blood flow reappears through the partially compressed artery, producing 
repetitive sounds generated by the pulsatile flow (Korotkoff sounds). The pressure level 
at the first Korotkoff sound is the SBP while the level of pressure at which the sounds 
disappear permanently, when artery is no longer compressed, is the DBP [37, 38,  40]. 
Despite being a very simple method, it has a big disadvantage: it requires skilled 
professionals to use it and the subjectivity of the reads requires standardization [39]. 
Automated devices are based essentially on the auscultation and oscillometric 
techniques. The oscillometric method detects the oscillations of an occluded artery’s 
lateral walls while the cuff is deflated. The oscillations start at the level of SBP and 
reach their greatest amplitude at the level of mean arterial pressure (MAP). Systolic 
blood pressure value measured through this technique is accurate but the diastolic 
pressure is not, besides being a derivative value [37, 41]. 
These devices have some serious restrictions once they present a wide fluctuation in 
ABP readings resulting from the high sensitivity relative to the position (it may be 
positioned in the wrist or pulse) [37]. 
                                                                                                                          Chapter 2: Theoretical Background 
19 
 
Doppler devices, which amplify the Doppler signal from flowing blood, are also used 
with standard sphygmomanometers and obviate the need for a stethoscope.  
Photoplethysmography (PPG) is a non-invasive optical technique that consists on the 
measurement of infrared light transmission through a finger, an ear or a toe in order to 
detect pulsatile physiological waveform attributed to cardiac synchronous changes in 
the blood volume with each heartbeat [68].  
It provide valuable information about the cardiovascular system, being used to measure 
parameters such as oxygen saturation, heart rate, blood pressure and cardiac output 
allowing assessing autonomic functions and detecting peripheral vascular disease[68].   
 
 
2.4 Arterial stiffness  
2.4.1 General concepts  
In recent years a great emphasis has been placed on AS role on the development of 
CVD, being increasingly used on patient diagnosis [62]. 
A material may be classified as being elastic or plastic if, after removing an applied 
force, the material recovers its original size or retain the deformation, respectively. 
Arterial walls are classified as “viscoelastic”, where pressure represents mechanical 
stress and the strain is the alteration of vessel diameter or volume. AS is the inverse of 
arterial elasticity [27, 28]. 
 
2.4.2 Proximal vs Distal arterial stiffness 
Proximal arteries are more elastic while distal ones are stiffer. This is caused by the 
variation on the composition and arrangement of the materials that make up the vascular 
wall structure leading to APW variation along arterial tree, from aorta to periphery [65].  
In a young, normal and healthy person, medial fibrous elements of thoracic aorta 
contain more elastin than collagen but, increasing the distance from heart, at peripheral 
arterie, proportions reverse quickly prevailing the amount of collagen over elastin. An 
increase of 25% of AS from carotid to radial arterie is observed in healthy patients [27, 
29]. 
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An artery with no reflection sites has a pressure wave that diminishes progressively with 
an exponential decay along it. However when the viscoelastic artery has numerous 
branches, pressure is progressively amplified from central to distal conduit arteries due 
to wave reflections. The result is a pressure wave with higher amplitude in peripheral 
arteries than in central ones. This is called “Amplification phenomenon” [29]. 
 
2.4.3 Pathophysiological changes of arterial stiffness 
Direct injuries, atherogenic factors and hemodynamic flow changes may lead to 
modifications on the arterial wall leading to activation, proliferation and migration of 
vascular smooth muscles cells, increase of arterial lumen and wall thickness and 
rearrangement of extracellular matrix and cellular elements [27]. 
 Acute changes in tensile and sheers stress induce adjustments on vasomotor tone and 
arterial diameter while chronic changes on mechanical forces lead to alteration of 
geometry and composition of vessel’s wall [27, 63]. 
Tensile stress  , according to Laplace Law, is defined by: 
                                            
        
 
                                       (1) 
Where   is the wall thickness;   is the arterial radius and   is the arterial transmural    
pressure. On the other hand sheer stress    is mathematically defined as:  
                                                                
       
          
                                       (2) 
Where   represents blood flow,   is the blood viscosity and   is the arterial radius.  
The ABP rises tends to increase the arterial radius. To maintain the tensile stress the 
heart and vessels walls become thicker. Although sheer stress is major mechanical 
factor in atherosclerosis development and tensile stress is present on patients with 
hypertension, both are interconnected. Any alteration on arterial radius caused by blood 
flow change affects tensile stress.  Arterial blood flow augmentation induces the 
increase of vessel lumen leading to arterial inner diameter reduction [27, 63]. 
Age is the major determinant factor in increase AS. By the sixth decade of life, 
accumulation of cyclic stress of more than 2 billion aorta expansions due to heart 
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systoles causes fatigue, eventual fracturing of artery elastin, proliferation of collagen 
and deposition of calcium. Arteriosclerosis is a degenerative and pathological process 
that consists on central arterial stiffening. As such, older patients present a loss of artery 
compliance, SBP increase and diminution of peripheral amplification [46].  The 
following figure shows the modification on APW with age.  
 
Figure 2.9: APW along the arterial tree in a human with 68, 54 and 24 years old, respectively. It is possible to see 
that peripheral amplification diminish with years.  Older patients, due to a stiffer central artery, have a higher 
cABP leading to lower peripheral amplification. [46] 
 
2.4.4 Arterial Stiffness  assessment 
Vascular artery wall includes smooth muscle cells and extracellular matrix which is 
responsible for passive mechanical properties, mathematically defined from a 
cylindrical artery model. Several indices are used to assess AS and most of them are 
measured non-invasively and in-vivo using echo-Doppler techniques with high 
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Table 2:  Important indices to assess AS [27]. 
 
Moens and Korteweg was the first to define PWV using arterial wall elastic 
modulus   , its thickness   , radius     and blood density    , through a mathematical 
formula: 
                                                   √
     
         
                                     (3) 
Later, Bramwell and Hill described the association in terms of relative change in 
volume and pressure during ex vivo experiments [30]: 
                  √
      
      
                                      (4) 
To assess PWV it’s more adequate to use the definition presented on table 1 according 
with, the velocity of the pulse pressure propagation is calculated from the distance 
between two different BP recording sites along arterial tree and the transit time which is 





Speed of pulse travel along 
an arterial segment. 
        
  
    ⁄  
Arterial 
Distensibility 
Relative diameter or area 
change for a pressure 
increment; The inverse of 
elastic modulus. 
  
       
        
Arterial 
Compliance 
Absolute diameter or area 
change for a given pressure 




      ⁄  
       ⁄  
Elastic modulus 
Intrinsic elastic properties of 
wall material.  
        
        
       ⁄  
P, pressure; D, diameter; V, volume; h, wall thickness; t, time.  
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the time travel of the foot of the wave over a known distance (figure 2.10). The foot of 







Figure 2.10: Carotid- femoral PWV 
measurement using foot to foot method. Foot to Foot method calculates PWV value using distance between two 
different BP recording sites and the time delay between them [62]. 
Another very useful parameter for pressure wave analysis is the augmentation index 
which is defined as the strength of the reflected wave relative to the total pressure 
waveform, as presented on figure 2.11. The key to its estimation is to identify the 









Figure 2.11:  Representation of augmentation pressure on carotid pressure waveform. Systolic peak (P1) above 
the inflection (P2) defines the augmentation pressure and the ratio of augmentation pressure to PP defines Aix 
(in percentage) [62]. 
 
Augmentation pressure      corresponds to the difference between the peak of systolic 
wave and reflected wave, while augmentation index is defined as the ratio of 
augmentation pressure to pulse pressure [29, 30]. 
                                               
  
  
                   (5) 
 




2.5.1 Piezoelectric Sensor 
Piezoelectric (PZ) sensors are important tool which are, nowadays, widely applied in 
various measurement processes. According to PZ effect this sensor type converts 
mechanical energy into electrical charge and vice-versa [68].  
Single crystals and PZ ceramics are examples of materials used as transducers on PZ 
sensor. PZ crystals are composed by aligned cells and each cell has an electrical dipole 








Figure 2.12: Internal structure of a PZ crystal. It is possible to see several dipoles perfectly aligned resulting in a 
null differential potential since there’s no stress over it [68]. 
In absence of stress, crystal’s cells orientation remains perfectly balanced so, no 
potential difference is produced. When subjected to mechanical deformations, as a 
consequence of applied pressure, acceleration, strain or force, a proportional electrical 
charge is produced as output due to the unbalance on the electrical dipoles orientation. 
This results in a temporary excess of surface charge, which subsequently is manifested 




     (6) 
Where,    is the charge produced by applying force and   is the capacitance of the 
material.  
Inverse PZ effect is the opposite process where the material deforms when a certain 
voltage is applied. Figure 2.13 illustrates the direct and indirect piezoelectric effect. 




Figure 2.13: Direct and inverse PZ effect. Image a) presents the direct PZ effect where electrical output charge is 
produced proportionally to the mechanical deformation applied by the PZ material. At image b) is possible to see 
the inverse PZ effect that occurs when the PZ material deforms by applying an input voltage [20]. 
Pressure is one of the physical quantities measured by a PZ sensor. This sensor type has 
a sensing diaphragm with a constant area that transfers the force produced by the fluid 
pressure to the transduction element. It’s important to ensure that the transduction 
element is loaded in one direction. The output is an electrical charge proportional to the 
pressure. 
A PZ sensor works as a differentiator and has an equivalent RC circuit. The output is 
related to mechanical force as if it had passed through the equivalent circuit. 
 
Figure 2.14: Schema of a PZ sensor equivalent RC circuit. [21]. 
 
The equivalent circuit above include PZ sensor imperfections due to mechanical 
construction and others reasons.  The impedance    represents the seismic mass and 
sensor’s inertia.    is inversely proportional to the sensor mechanical elasticity,    
characterizes the static capacitance of the transducer and    is the insulation leakage 
resistance of the transducer element.  
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2.5.2 Accelerometer  
An accelerometer has many applications on industry and science, being used to measure 
motions, vibrations, accelerations, orientation, tilt or shocks [6, 66]. 
Some aspects such as its low-cost, robustness, small size, light weight and the ability to 
deliver 1, 2 or 3 measurement-axes with a wide frequency range, from DC to very high 
values, makes its use very popular among the technological areas [66].  
Most accelerometers have two transduction elements: a seismic mass which is 
responsible to convert acceleration into displacement and a second transducer that 
transforms, proportionally, the displacement into electrical charge. Since the seismic 
mass is constant, when subjected to acceleration, it produces a force proportionally to 
the body's acceleration, according to Newton' second law [67]. The displacement occurs 
due to a spring-mass system integrated on the accelerometer, which respects Hooks' 
law: 
                                                                       (7) 
Where   is the force exerted by the seismic mass   when it is accelerated ( ), 
producing a displacement   on the spring with a stiffness constant,  . 
On the next system is possible to see a spring-mass system which integrates two 











Figure 2.15: The spring-mass system that integrates accelerometer as a transducer. This system permits to 
produce, according to Hook and Newton' second law, a displacement that is proportional to the body 
acceleration.  The displacement is then proportionally converted to an electrical charge by another accelerometer 
transducer [23]. 
 
The system presented above only measures acceleration along the spring length. To 
measure acceleration of more than one axe, more than one spring-mass system is 
required, one to each axis. 
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It is very important to have a robust hemodynamic probe to detect with high accuracy 
our target parameters: APW and ABP.  
Constituted by two sensors, its performance is based on concepts such as 
piezoelectricity, accelerometry and demodulation. The output signal is a modulated 
signal.  
This chapter focuses, not only, on probe design description but also on experimental 
tests and results to confirm its good performance.  
 
3.2 Support Concepts 
3.2.1 Resonance frequency 
Resonance frequency or system’s resonant frequency is defined as being the frequency 
at which the amplitude response is a relative maximum, meaning that the system's 







The resonance phenomenon occurs when the system is able to store and easily transfer 
the energy between two or more different storage modes. That’s the reason why even 
small periodic driving forces can produce large amplitude vibrations. 
 
When damping is small the resonance frequency is approximately equal to the system 
natural frequency, the frequency of free vibrations. [32] 
Figure 3.1: Resonance frequency simple case. The amplitude at    is larger than in    and   . 
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3.3  Probe Design 
The hemodynamic probe corresponds to the association of two sensors: a PZ sensor and 







The PZ sensor used has a diameter equivalent to       and its resonant frequency, 
according to the manufacturer, corresponds to                 ; the accelerometer is 
an ADXL203 dual-axis analog device, supplied by an operating voltage equivalent 
to    . Full specifications about the sensors may be found on Appendix D and E.  











Figure 3.3: APW hemodynamic probe. It is constituted by two sensors PZ sensor and an accelerometer, and which 
images are also shown above. 
 
a) b) 
Figure 3.2: PZ sensor and accelerometer. Image a) shows the PZ sensor while image b) corresponds to the 
accelerometer.    
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Posteriorly, some improvements were done on the hemodynamic probe, adding an 
INA126 that is a precision instrument amplifier.  
By using it, it is possible to analyze the hemodynamic probe current, to improve data 
acquisition process and to obtain acute and low noise signals.  
It works with very low quiescent current and a wide operating voltage range of ±1.35V 
to ±18V. 












Figure 3.4: Hemodynamic probe after improvements. An INA126 electronic amplifier was introduce on the 
hemodynamic probe in order to allow current measurement and to enable better signal acquisitions. 
 
3.4 Probe performance 
According to piezoelectricity concepts, by stimulating the PZ sensor it proportionally 
vibrates. This input stimulus is a high frequency signal provided by a waveform 
generator device (Agilent).  
By exerting pressure over the PZ sensor, its vibrational amplitude varies proportionally. 
That way, properties of the external exerted pressure become inherent to variation of PZ 
sensor vibrational amplitude. Figure 3.5 illustrates the probe functioning. 
 











The pressure detection also depends on the accelerometer since it converts the PZ 
sensor vibration into electrical signal, agreeing with accelerometry laws. Despite 
detecting PZ sensor vibration three-dimensionally, only the vibration in the direction of 
vessel’s movement is considered. 
 
That way, the hemodynamic probe output is a modulated signal, where the higher 
frequency signal is the carrier wave and it corresponds to the PZ sensor vibrational 
signal while the envelope wave corresponds to the external exerted pressure.  
 
The external pressure which actuates over PZ sensor is produced in a dedicated test 
bench system assembled to emulate the dynamics of the arterial system, namely wave 
travel, reflection phenomenon and ABP variations. Chapter 6 is dedicated to the 
description of several test bench systems developed during this thesis project. However, 
the first tests to emulate the probe’s performance used a finger to actuate over the PZ. 
 
The hemodynamic probe is attached to a tri-axial position monitoring system device 
that allows doing translation movements with a micrometric precision. To be more 
specific, the system consists of three linear positioners (T-LA28A, Miniature linear 
activator) and each has a precision equivalent to          and its command may be 
done manually or through parallel Matlab programing.  
Figure 3.6 show a picture of the tri-axial position monitoring system device at which the 
hemodynamic probe is attached.  
 
Figure 3.5: Illustration of hemodynamic probe performance.  An Agilent stimulates the PZ sensor with a high 
frequency sinusoidal signal causing a proportional vibration. By exerting pressure over the PZ sensor, its 
vibrational amplitude varies proportionally, and it is detected by an accelerometer 














Figure 3.6: Tri-axial position monitoring device based on a Zaber linear positioner. The hemodynamic probe is 
attached to Zaber which, besides acting as a support, allows precise milimetric translations of the probe. 
 
3.5 Probe Resonance Frequency  
The input signal used to stimulate the PZ sensor is characterized by a high frequency 
which must be equal to the resonance frequency of the probe in order to maximize its 
sensitivity.  However, the resonant frequency of hemodynamic probe slightly differs 
from the PZ sensor resonant frequency since other elements beyond it integrate the 
probe.  
To determine the hemodynamic probe's resonance frequency some tests were made in 
two different situations: with the probe attached to its support, the tri-axial position 
monitoring system, and with the probe suspended. 
Using unitary dirac impulses characterized by a frequency equal to 2.5 kHz and an 
amplitude equivalent to 400 mV were provided to the probe and its response was 
recorded. 
All the result signals were recorded at a sampling frequency of      , being 
submitted to frequency analysis (Fourier analysis). 
Figure 3.7 shows the signals acquired on the two aforementioned situations. 
 





Considering the maximum amplitude values in the frequency domain, is possible to 
conclude that the resonant frequency of the hemodynamic probe is        when 
suspended and        when attached to its support. 
 
3.6  Probe’s functioning tests 
After finding the system resonant frequency, some tests were done in order to evaluate 
the probe functioning.  
This test corresponds to a reproduction of the schema presented in figure 3.5. Result is 
presented below on figure 3.8. The test consists on pressing the previously activated PZ 
sensor with a finger and then analyse the produced output signal which must be an 
amplitude modulated wave signal. 
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Figure 3.7: Time and frequency domain analysis of the probe’s output signal. On the first row, images a) and b) 
refer to the test made when the sensor was attached to its support, a Zaber device; the second row which contains 


























































The developed hemodynamic probe detects external pressures correctly. Analyzing 
figure 3.8, it is easily observed that the probe output is a high frequency signal whose 





























Figure 3.8: PZ sensor output signal modulated in terms of amplitude. This signal was a result of tests made to 
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4.1 Introduction  
The hemodynamic probe output is a modulated signal. In order to obtain the 
demodulated signal, an envelope detector circuit was planned and developed. 
Detailed description of its constitution, performance and experimental tests results are 
exposed on the following subchapters. 
 
4.2 General concepts 
4.2.1 The demodulation  method 
The modulation process consists on the variation of the carrier wave’s properties 
according to the modulating signal. 
The carrier signal is a periodic and sinusoidal wave characterized by a high frequency 
and the modulating signal corresponds to a lower frequency signal which constitutes the 
information to be transmitted.  











Figure 4.1: Modulation process. The signal with a higher frequency corresponds to the carrier signal. The 
modulating wave has a lower frequency and it contains the information to be transmitted [9].  
There are different types of modulation. The main difference between them relies on the 
way how the properties of the modulating signal are transmitted on the carrier wave. 
The most common types are:  
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˗ Amplitude modulation (AM) 
This modulation type is done by varying the amplitude and strength of carrier signal 
waveform according to the information contained on the modulating signal.  
˗ Frequency modulation 
It’s obtained when the carrier wave property which varies is the instantaneous 
frequency. 
˗ Phase modulation  (PM) 
It encodes information by varying the instantaneous phase of the carrier wave. 
 
The next figure presents three different types of modulation: amplitude modulation, 









The variation of the modulation relative to the original signal level is a parameter named 
modulation depth, h, defined as:  
 
                         
                 
 
                  (8) 
 
Where      and   are the modulator and the carrier wave, respectively. Modulation 
depth is expressed in percentage, (%). The following figure presents different degree of 
modulation. 
Figure 4.2: Different types of modulation.  The amplitude of the carrier signal changes according to the modulator 
signal. The second graph represents the frequency modulation and it is easily detected the variation of carrier wave 
frequency while on the third graph the carrier wave’s property which changes is the phase [10]. 











Figure 4.3: Different depths of amplitude modulated signals.  The signals represented above have, respectively, 
50%, 100% and 150% AM depth [11].  
Demodulation is the inverse process of modulation and consists on the separation and 
extraction of the original information, modulating signal, inherent to the modulated 
signal.  A demodulator, also called detector, is an electronic circuit whose constitution 
depends on how the input signal is modulated. For each kind of modulated signal a 
different electronic circuit is required.  
 
4.2.2 Amplitude Demodulator  
There are two types of amplitude demodulators:  
˗ Product detector 
To obtain the demodulated signal the input wave is multiplied by a local oscillator 
signal with the same frequency and phase of the carrier’s incoming signal. Then, the 
signal is filtered obtaining its envelope. 
˗ Envelope detector  
The input modulated signal is first passed through a rectifier, a non-linear device, and 
then through a filter to eliminate the high frequencies. The rectifier plays an important 
role on the envelope detector. In its absence, after filtering the signal, the positive and 
negative envelopes cancel each other, becoming impossible to recover the original 
information once they are 180º out of phase.  
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Figure 4.4 illustrates the performance of an envelope detector, detailing its component 
funtions. 
The rectifier may be constituted by a single diode or be more complex. In order to 
obtain the envelope signal it is essential to convert the alternating signal into an, 
approximately, continuous one. To achieve that, a capacitor is placed parallel to a 
resistance on the rectifier; it loads during carrier wave’s semi-circles selected by the 
rectifier, and discharges during the time between those consecutive semi-circles. When 
its voltage value matches with the voltage value of the next rising semi-circle it restarts 
to load repeating the cycle.  
This process originates what is called ripple, characterized by a time constant RC which 
value is very important to the detector.  In order to obtain a satisfactory demodulated 
signal, its ideal value stands between the carrier wave period and the maximum 
modulator signal variation [13]. 
 
        
    
 
 
         (9) 
          Carrier wave frequency  
   Maximum modulator signal variation. 
If the RC constant is smaller than the carrier wave period, the capacitor discharges 
rapidly. On the other hand, if the RC constant is much bigger than the maximum 
variation of the modulator signal the capacitor discharges too slowly. In both situations, 
the detector is not able to properly detect the envelope signal.   
 
Figure 4.4: Function of the envelope detector's components. The input signal first passes through a rectifier and 
then over a RC low-pass type of filter [12]. 








Figure 4.5: Capacitor discharging behaviors. The figure illustrates the capacitor behavior when: a) RC constant is 
lower than the carrier wave period; b) RC constant is bigger than maximum modulator variation [13]. 
 
4.3 Amplitude demodulator   
4.3.1 The electronic circuit 
The main task in this subchapter was to understand, produce, mount and test the circuit 
on breadboard and on the PCB. The envelope detector electronic circuit is represented 
on the Appendix-A. 
The envelope detector is constituted by two units for each accelerometer axis. However, 
only YY’ axis signal was used. Each unit is responsible to demodulate the positive or 
negative half-side of modulated input signal.  
To succeed on that, a half-wave inverter rectifier was used. The diodes’ orientation on 
each unit defines which side of the modulated signal is selected and which one is cut.  
Unit 1 of the demodulator circuit has a rectifier with two diodes directly polarized, 
allowing demodulating the negative half-side of the modulated input signal. Unit 2 does 
the opposite and demodulates the positive half-side of the modulated signal, since both 
diodes are inversely polarized.  
Analyzing each unit's output signal is possible to see that they suffer an inversion. This 
is explained by the existence of an inverter operational amplifier (OpAmp) with a 
unitary gain, -1.  
The temporal RC constant used on the circuit design is between 
        and          .  
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Figure 4.6: Input signal used to test the envelope detector, produced by an arbitrary waveform generator 
(Agilent). The image shows a waveform generator device (Agilent) (1) which produces the input signal, visualized 
in real-time using an oscilloscope (2). The input is a modulated signal which envelope is a type C APW. 
After passing the signal through a rectifier, the signal must be filtered in order to 
eliminate the high frequency signal remaining only the envelope, a lower frequency 
signal. It was designed a RC low-pass filter whose cut-of frequency is equivalent to: 
         
 
    
             (10) 
  : Cut-off frequency; 
 : Low-pass filter’s resistance value; 
 : Low-pass filter’s capacitor resistance. 
During the electronic circuit experimental test phase, the low-pass filter revealed itself 
useful reducing the noise and allowing obtaining the demodulated signal. The signals 
obtained are presented on the next subchapter.  
However, when introduced into the real acquisition system, during experimental test, on 
bench conditions, it revealed to have an unstable behavior. On that phase, it was 
discarded once it was possible to apply a low-pass filter using the Matlab Software. 
 
4.3.2 Demodulator experimental tests  
4.3.2.1 Input signal specifications  
To test the envelope detector circuit on the breadboard and PCB, a modulated input 
signal produced by arbitrary waveform generator (Agilent) was used.  
The carrier signal was a high frequency sinusoidal wave while the modulating signal 
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Ideal values for the input signal parameters were achieved through a trial and error 
process, combining different values of frequency, amplitude, amplitude depth and 
offset.  
Varying the Amplitude depth of the modulator signal, demodulation may occur with 
high quality or not. Since signals are inverted after passing through the rectifier, higher 
peaks will correspond to very low carrier waves’ amplitude. As such, this leads to a 
problem: very low absolute carrier wave amplitudes are not demodulated correctly.  
Accep.table values for input signal’s parameters are shown on the table 4. 
Table 3: Characteristics of the input modulated signal. The table presents the values for parameters of input 
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4.3.2.2  Data Processing Results 
After confirming the good performance of the envelope detector on the breadboard and 
on the PCB, analog output signals were converted into digital data. Posteriorly, they 
were processed and visualized using Matlab software. 
The signal processing required the development of an algorithms, leading to an easier 
analysis of the output signals. Their functions consist on the following steps: 
Step 1: Overlap of positive and negative demodulated signals; 
Step2: Unitary normalization of both signals; 
Step 3: Segmentation and overlap of the several detected ABP pulses, on each   
demodulated signal; 
Step 4: Determination of the mean AP for each demodulated signal; 
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Step 5: Calculus of root mean square error (RMSE) values associated to each 
mean AP. 
4.3.2.2.1 Output signals from the Breadboard 
The demodulator’s electronic circuit was first tested on a breadboard. Figure 5.7 shows 









Signals resulting from software processing, according to the steps previously described, 
are presented below.  
Figure 4.7: Envelope detector test on breadboard. On the right is possible to see the Agilent which is responsible to 
provide the input modulated signal and, on the left, a power source.  
Figure 4.8: Demodulated output signals from breadboard. The blue and red signals result, respectively, from 
demodulation of the positive and negative half-side of the input signal 
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The following figure corresponds to posive and negative output signal overlap and normalization, 
respectively. 
 
The mean AP was determined with a RMSE equivalent to 1.069%. 
Figure 4.9: Overlap and normalization of the positive and negative demodulated output signals obtained in 
breadboard.  Graphic a) shows the overlapping of the two positive and negative output signals and Graphic b) shows 
the same signals after normalization. The blue and red signals correspond to the negative (after inversion) and 
positive demodulated signal respectively. 
Figure 4.10: Overlap of the several AP after segmentation and their mean signals at breadboard. Graphic a) presents 
the overlapping of the several sectioned ABP pulses of the signals obtained after demodulation. On the other hand, 
graphic b) shows the mean AP for each demodulated signal. The blue and red signals correspond to the negative (after 
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4.3.2.2.2 Output signals from the printed circuit board 




























Figure 4.11: Envelope detector test on PCB. On the right, is possible to see the arbitrary waveform generator 
(Agilent) device which is responsible to provide the input modulated signal and, in the middle, a power source. 
Figure 4.12: Demodulated output signals from the PCB. The blue and red signals result from demodulation of 
positive and negative half-side of the input signal, respectively. 























































The mean AP was determined with a percent error of 1.2952. 
 
 
Figure 4.13: Overlapping and normalization of the positive and negative PCB demodulated output signal. The first graphic 
shows the overlapping of the positive and negative demodulated signals and second graphic shows the same signals after 
normalization. 






































Figure 4.14: Overlapping the several ABP pulses and their mean signal at PCB. . Graphic a) presents the overlapping of 
the several sectioned ABP pulses of the signals obtained after demodulation. On the other hand, graphic b) shows the 
mean AP for each demodulated signal. 
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4.3.2.2.3 Comparison between  software and hardware 
printed circuit board demodulation  
As mentioned above, the probe output is a modulated signal whose demodulation is 
done using the envelope detector circuit. However, it also may be done through 
software using algorithms capable of detecting the envelope signal. 
By comparing both signals it is possible to analyze how close to ideal is the 
performance of the developed envelope detector. Software demodulation has already 
proved its effectiveness in extracting modulating signals in bench conditions with errors 
less than 2% [7, 58], while the demodulation from hardware has imperfections. 
The next two figures compare demodulated signals obtained from hardware and 

































Figure 4.15: Comparison between software and hardware demodulation.  The blue signal results from software 
demodulation and the others are the demodulation obtained from hardware. 
Figure 4.16: Software and Hardware comparison after Matlab processing. The processing consists on the 
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To compare the software and hardware demodulated signals it was necessary to process 
them previously. The main steps were based on: 
            Step 1: Overlap the positive and negative demodulated signal obtained through          
hardware;         
 Step 2: Overlap the positive and negative demodulated signal obtained through          
software;     
 Step 3: Normalization of both hardware and software demodulated signals; 
 Step 4: Comparison between the software and hardware demodulated signal and 
calculus of RMSE value.                                                   
The RMSE between the two demodulated signals was equivalent to 16.56 %.     
 
4.3.2.3 Conclusion 
Experimental tests on breadboard and PCB proved the correct functioning of amplitude 
demodulator circuit which, successfully, detected the envelope that surround the 
modulated input signal.   
The comparison of hardware demodulation and software demodulation demonstrated 
the limitation of hardware demodulation; its output signals are affected by a significant 
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The purpose of this project is to develop a hemodynamic probe capable to detect carotid 
dynamic, more specifically APW and extract, from it, relevant clinical information. 
However it is indispensable to have a support acquisition system responsible to acquire, 
convert and store the data for signal visualization and analysis.   
Two different acquisition systems were developed along this project. This chapter is 
focused on their description, explaining in detail their main constitution and successive 
improvements.  
 
5.2 Acquisition System version I 
The design of the first acquisition system version includes a hemodynamic probe, an 
amplitude demodulator, an acquisition module box and a personal computer.  
The association between the hemodynamic probe and the PCB containing the 
demodulator circuit allows detecting ABP waveform; the function of the acquisition 
module is to acquire and log analog signals, converting them to digital, yielding “.txt” 
data file; the computer allows data storage, processing and analysis using softwares 
such as NI LabVIEW SignalExpres and Matlab.  
Additional instruments such as an arbitrary waveform generator (Agilent), a power 
source and an oscilloscope also integrate the system supporting all the acquisition 
process. The Agilent is responsible to stimulate the PZ sensor by providing a high 
frequency sinusoidal signal and the power source supplies the pressure sensor and the 
hemodynamic probe, more specifically the accelerometer and the demodulator circuit.  
Specifications about the design and performance of the hemodynamic probe are 
exposed in detail in chapter 3. 
Below, on figures 5.1 and 5.2, an illustrative schema of first acquisition system and a 
photo took after its assembly, are presented.  
  
 









Figure 5.2: Photo of the first acquisition system version.  2- Demodulator circuit; 3- Acquisition module; 4- 
Personal computer; 5- Power voltage source; 6- Arbitrary waveform generator (Agilent); 7- Oscilloscope.   
 
The acquisition, log in and conversion of analog into digital data was first done by using 
the NI-6008, a USB based data acquisition device characterized by 8 analogical input 
channels, 12 bits and a sampling rate equivalent to        (Kilo samples per second). 
Posteriorly, it was replaced by a NI USB-6210, since it allowed acquiring, 
simultaneously, an increased number of signals with higher sampling rate.   
Figure 5.1: Schema of the first acquisition system version. The schema presents the design of the acquisition 
system   and indicates the mains parts that integrate it. Its main components are the hemodynamic probe, the 
demodulator, the data acquisition module and a personal computer. The Agilent function is to stimulate the PZ 
sensor. A power source and an oscilloscope are also required to support the acquisition process. 
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NI USB-6210 is a data acquisition device which presents 16 analog input channels, 16 







Figure 5.3: Different data acquisition devices. The image shows the two different data acquisition devices used to 
convert analogic to digital data. Image a) NI USB-6008; Image b) NI USB- 6210. 
 
Additionally, it was also necessary to replace the power supply due to some functioning 
problems.  
Despite its correct functioning, this acquisition system version had some weaknesses 
related to its non-portability, high cost, and inability to be used in in-vivo trials. As 
such, a new and improved system version   was developed. 
 
5.3  Acquisition System version II 
5.3.1 Support concepts 
5.3.1.1 Digilent 
Digilent is a multifunctional instrument capable to generate record, convert, measure 
and analyze both analog and digital signals. Its inputs and outputs, which may be 
analogic or digital, connect to electronic circuits using simple wire probes [47, 52]. 
It may be controlled by using Matlab or PC–based            softwares which 
allow configuring the digilent in order to accomplish several tasks. 
The following figure shows the external and internal aspects of a Digilent. 
Foto com do Sistema de bancada com o 
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The most important properties that characterize the Digilent is the existence of 2 
oscilloscope channels, 2 waveform generator channels, 16 logic analyzer channels, 16 
digital pattern generator channels , ±5V DC power supplies, a spectrum analyzer, a 
network analyzer, a voltmeter and a digital I/O [47,48]. 
These specificities reveal digilent as a multifunctional device able to perform several 
tasks such as reading data from the two oscilloscope channels (analog input), control 
and generate data for the two waveform generators (analog output), characterize 
integrated circuits, measuring its behavior and analyzing its components, configure the 
sampling rate of the device, trigger the start of the data acquisition or find and display 
digilent Analog Discovery device settings. [47] 
Detailed information about Digilent specifications are presented on the table 3. 
Table 4: Detailed specifications of a Digilent system. This table presents detailed information about Digilent 
digital I/O, analog input and output. [47] 
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- 1.8 V dual  analog 
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Figure 5.4: Digilent external and internal aspect. Image a) show the Digilent external aspect while in image b) 
shows a picture of the Digilent PCB. [48, 49] 
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Multiplexing is a generic term used to describe the operation of sending one or more 
analogue or digital signals over a common transmission line.  
The device capable of doing that is called Multiplexer, a combinational logic circuit 
designed to switch one of several input lines through to a single common output line. 
The multiplexer may be digital or analogic. Digital ones are made up from high speed 
logic gates which switch digital or binary data while, analogic type normally use 
transistors, MOSFET’s or relays to switch the currents or voltage inputs to a single 
output. [50] 
The Multiplexing process may be classified according to the applied input recognition 
technique. Examples are: 
 Frequency Division Multiplexing: Each input has its own well-defined spectral 
band; 
 Time Division Multiplexing: Each input has its predefined time to use the 
transmission line; 
 Statistical Time division Multiplexing: Communication channel is divided into 
an arbitrary number of variable bit-rate digital channels or data streams. The link 
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sharing is adapted to the instantaneous traffic demands of the data streams that 
are transferred over each channel; 
 Wavelength Division multiplexing: Each input has a different wavelength, 
directly related to the frequency; 
 Code Division Multiple access: Each input signal is identified by an initial code 
which allows recognizing it. [50, 51] 
Figure 5.5 illustrates the basic principle of a multiplexer switch, selecting from several 
inputs options an individual signal to pass through the single and common output line. 
 
Figure 5.5: Multiplexer's basic functioning principle. The image shows the way how multiplexer works, through 
switching process that allow choosing one of the several signals available as input to pass through a single output 
line. [52] 
The selection of each input line on the multiplexer requires additional input set called 
Control Line or Select Lines. According to the binary condition of these control inputs 
the appropriate input is connected directly to the output.   




Figure 5.6: Multiplexer Input line selection based on binary condition. To select the desired input signal, ignoring 
the others a binary logic condition is used on the control input lines. Multiplexer always has a number of inputs 
equivalent to   , granting the possibility of selecting anyone of the available input.  [52] 
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The multiplexer usage is advantageous since it allows reducing the number of logic 
gates required on circuit design. 
The developed design of this new acquisition system requires two different types of 
multiplexers: two 8-to-1 and two dual 4-to-1 multiplexers. Further explanations about 
the reasons for their use and details about architecture of the new acquisition system 
will be presented on the following subchapter.   
 
5.3.2 Architecture of the second acquisition system version 
The innovations implemented in this new acquisition system version are the use of a 
digilent device and the integration of multiplexers on the envelope detector electronic 
circuit which architecture was restructured. 
The designed acquisition system corresponds to a single box which integrates the PCB 
with the envelope detector circuit connected to a Digilent. A Db15 female connector 
allows to login signals into the system and two female connectors, a USB 2.0 Micro B 




The input signals are collected from the pressure sensor and hemodynamic probe, more 
precisely signals from X, Y and Z accelerometer axes and PZ sensor. Information about 
Figure 5.7: Schema of the second acquisition system version.  In this new acquisition system, signals which come 
from the hemodynamic probe and pressure sensor are processed on the developed PCB. Output signals enter the 
Digilent which enable to visualize, analyze and store “.cvs” data files. Further information about the PCB 
architecture will be presented posteriorly. 
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the current is also important since it plays a crucial role on system calibration. Three 
more signals are available at input channels: +5V, +15V and -15V. 
As described above, the Digilent is a multifunctional device capable to realize several 
functions, specific to others traditional instruments such as the oscilloscope, Agilent and 
acquisition module (USB NI-6008 / USB NI-6210). By using the Digilent these 
instruments became no longer necessary on signal acquisition process.  
However, the Digilent has a disadvantage: it only has two oscilloscope channels 
meaning that is only possible to visualize record and analyze, simultaneously, two 
signals. Considering this fact, some adjustments were done on the architecture of PCB 
which contains the demodulator circuit in order to enable choosing, for both digilent 
channels, any signal to observe, analyze and record. 
For each Digilent channel an 8-to-1 multiplexer, an envelope detector circuit and a 4-to-
1 multiplexer are assembled together. The first multiplexer selects, from several 
available inputs, the target signal which may keep its original form or enter the 
demodulator circuit to obtain the positive and negative envelope. Multiplexer 4-to-1 
allows selecting any of these chosen signal versions and sends it to a specific digilent 
channel. 
Figure 5.8 depicts a  schema of the architecture designed for the envelope detector PCB.   
A more detailed schema may be found on point c) of Appendix-A. 
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The selection of signals in any multiplexer requires signal addressing codes. The 
developed algorithm allows addressing the signals, activate the digilent which acquires 
the selected signals and convert them from analog to digital yielding “.csv” data file. 
This way is possible to visualize both signals, analyze and compare them.    
On Figure 5.9 is possible to see a photo of the acquisition box and the PCB with the 







Figure 5.8: schema of the PCB architecture containing envelope detector. The PCB was architected in such a way to 
permit choosing any one of the several available input signals, either in its original version, its positive or negative 
demodulated version. Two different type of multiplexer were used: an 8-to-1, 3 Bits and a double 4-to-1, 2 Bits 
multiplexer. 















Figure 5.9: Photo of the acquisition box and the PCB containing the demodulator circuit. The acquisition box 
integrates not only the demodulator PCB but also the digilent. Observing the PCB it is possible to see an increase 
on the circuit complexity. There are two demodulator,  one for each digilent channel. The electronic components 




Figure 5.10: Picture of the second acquisition system version. It only includes the acquisition box and a computer. 
Input signals are collected from the hemodynamic probe (1) and pressure sensor (3) being sent to the acquisition 
box (2). The analog output signals are converted into digital thanks to the digilent. The result data files are sent to 
the computer (4) where they are processed using Matlab software. 
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5.3.3 Advantages and improvements introduced by the new acquisition 
system version 
The modification of the acquisition system architecture represented a great 
improvement and advance to the viability of this project providing several advantages: 
• Reduction of monetary costs since very expensive devices such as Agilent, 
oscilloscope, power supply and modules USB NI-6008 or USB NI-6210 
were no longer necessary; 
• Considerable reduction on all system dimensions and weight; 
• A decrease of energy waste; 
• An easier system management due to the new developed architecture; 
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6.1 Introduction  
The test bench system is a powerful tool used to do experimental tests during a probe's 
development and algorithms validation. In this project it is used to simulate the dynamic 
of a human carotid artery, reproducing the local ABP and APW; 
 
Two different bench systems were developed during this project, differing from each 
other on the syringe size and the way how its piston is moved, manually or 
mechanically.  
6.2 Support Information 
Physiological and mechanical arterial walls properties have a decisive influence on the 
blood flow, being a crucial factor on hemodynamic parameters assessment. This 
explains our concern on reproducing, with high fidelity, artery walls. 
Latex models of arterial vessels have been previously used in medical researches. Tests 
to compare latex models and human arteries were done and parameters such as 
compliance, PWV and Young’s modulus were evaluated. Results proved their 
similarities except for the increased compliance of latex model at high pressure [33, 34]. 
Feng and Khir constructed an experimental setup made of a piston pump connected at a 
latex tube. At Brunel University, another group of researchers have used latex tubes to 
model arterial waves [35, 36]. In GEI-CI group (Instrumentation Center- Electronic and 
Instrumentation group), latex tubes have also been used in programmable test bench 
systems for hemodynamic studies [68, 69, 70]. 
Considering the literature we were encouraged to do, in this project, experimental tests 
using a latex for arterial modeling. 
6.3 First Test bench system version 
6.3.1 Instrumentation 
The first bench system’s design consists on a 49 cm long flexible latex rubber tube 
attached to a pressure sensor and a syringe at one and another extremity, respectively. 
The syringe diameter is equivalent to 6.7 cm and its length is equal to 5 cm.  Both the 
tube and the syringe are filled with water. 
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The pressure sensor is a 40PC015G1A (Honeywell S&C) type and it is used to detect 
tube inner pressure. According to specifications on its datasheet, available on Appendix 
E, the pressure sensor needs +5V power supply to operate; 170 mmHg is the maximum 
detectable pressure and the range of  analog output voltage goes from 0.5 to 4.5V, being 
linearly proportional to the input pressure.   
The pressure conversion into voltage values is done according to the following formula: 
                                     
        
       
                     (11) 
     : Tube inner pressure measured in mmHg; 
  : Voltage value displayed on LCD when pressure is exerted; 
     : Minimum output voltage. 
 0.2667 mV/psi is the device sensitivity and 51.715 corresponds to 1 psi converted to 
mmHg.   
It is necessary to control the force that is applied on the syringe piston, since the range 
of pressure that matters to the experimental tests goes from 50 to 160 mmHg. The 
piston movements are caused by an eccentric attached to a DC motor rotation axis 
(figure 6.1). 
In order to obtain the desired range of pressure, it is required a previous study of 
eccentric's shape and dimension. It was used a circular eccentric whose diameter equals 
to 11.8 cm and that contains a slot passing through its center, allowing its position 






Figure 6.1: schema of the eccentric’s design and performance over syringe's piston. The slot on the eccentric 
allows adjusting its position on the motor rotate axis and controls the exerted pressure. 
The following figure represents a schema of the test bench system design.  




Figure 6.2: Schema of the first test bench system. This system is composed by a flexible rubber tube attached, at 
one extremity, to a syringe and to a manometer at the other; the syringe and tube are filled with water. The 
syringe piston is moved cyclic and automatically due to a DC motor with an eccentric attached to its rotation axis.   
















6.3.2 Results using acquisition system version I 
In order to facilitate the system's usage and manipulation, this test bench system version 
was planned and assembled to generate, automatically, cyclical pressure waveforms. 
Experimental tests were accomplished and the output signal, presented on the figure 
below, is the result of a single eccentric rotation cycle.  
Figure 6.3: Photo of the first bench test system. The first picture shows the assembly of the first bench test 
system according to the schema presented previously. The second and third ones shows the details of the DC 
motor, its power supply and the manometer, at the end of the rubber tube. The values registered are converted 
to voltage and displayed at a LCD. 












Through the analysis of the signal obtained from experimental test, some problems can 
be identified: 
 The signal modulation is very  small;  
 The output signal is significantly affected by noise. 
Their causes were found on some bench system failures: 
 Water escapes from the syringe when eccentric actuates over the syringe’s 
piston, leading to an insignificant increase of tube inner pressure;  
 A significant friction between the eccentric and the syringe’s piston surface 
explains the signal noise and; 
 Turbulence on the water flow is perceptible. 
These factors converge into a poor signal modulation and, consequently, a poor output 
demodulated signal.  





Figure 6.4: Output signal obtained from the first bench system experimental tests.  The signal results from 
eccentric actuation over the syringe piston during a single rotation.  Some problems such as significant noise and 
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6.4 Second Test bench system version 
6.4.1 Instrumentation 
The new bench system is identical to that developed at first, except for the smaller 
syringe and for the manual pressure creation process. Once the DC motor and the 
eccentric were discarded, the syringe’s piston manipulation became manual. 
The following two figures show, respectively, the schema of the bench system and its 
configuration after assembly.  
 
Figure 6.5: Schema of the second test bench system. It is very similar to the first bench system except for the 
smaller syringe size which is equivalent to 100ml. Another very important difference is the manual syringe’s 















Figure 6.6: Photo of the second bench test system assembly. The syringe used is much smaller than the previous 
one, being equivalent to 100ml; its piston is covered with rubber allowing smoother motion and avoiding water 
escape. No DC motor is added to the system meaning that the piston movement is manual.  




The new syringe has an equivalent volume of 100ml and its piston is covered with 
rubber which allows to: reduce the signal noise due to piston smoother movement; 
create a higher tube inner pressure once there's no water escape and increase the signal 
modulation. 
 
6.4.2 Tests using acquisition system version I 
6.4.2.1 Data Processing 
The data processing was done having in mind the need to compare the obtained signals 
and determine their RMSE value. As such, a simple algorithm was developed and 
implemented, consisting in the following steps: 
Step 1:  File load and visualization; 
Step 2:  Software demodulation through the extraction of superior and inferior 
envelope from the modulated signal; 
Step 3:  Hardware demodulated signals filtering: application of a smooth filter 
with 150 point; 
Step 4: Determination of the demodulated signal by subtracting the superior and 
inferior envelope; 
Step 5:  Visualization and comparison of demodulated signals from software and 
hardware and calculus of the RMSE value;  
Step 6:  Visualization and comparison of demodulated signal from hardware with 
the pressure sensor signal and calculus of RMSE value. 
Step 7: Visualization and comparison of demodulated signal from software with 
the pressure sensor signal and calculus of RMSE. 
 
6.4.2.2 Signal results 
The signals resulting from Matlab data processing, whose steps are described above, are 
presented in the figure 6.7.  
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It is very important to mention that signals comparisons were made based on the RMSE 

























The RMSE values resulting from comparison between demodulated signals obtained 
from hardware and software corresponds to 9.05% and the RMSE value resulting from 
comparison between hardware’s demodulated signal and pressure sensor signal is 
8.15%. 
Figure 6.7: Signals resulting from data processing. Image a) presents all the acquired signals without processing; on 
image b), hardware demodulated signals are filtered using a "smooth" function and the modulated signal is 
demodulated through Matlab software by detecting its superior and inferior envelopes; image c) shows both hardware 
and software demodulated signals while image d) compares hardware demodulated signal to pressure sensor signal. 



















Comprison between demodulated signal from hardware and pressure signal
 
 
Hardware demodulated signal 
Pressure signal
d) 




























Demodulated signal before filter
N
 
Demodulated signal before filter
P
Pressure sensor signal



































 demod. filtered signal
Hardware
N
 demod. filtered signal
Pressure sensor signal





























Samples (N) Samples (N) 
a) b) 
c) 
Samples (N) Samples (N) 
                                                                                                                                      Chapter 6: Bench Test System 
76 
 
The results obtained allow the conclusion that, despite requiring manual operation, it is 
possible to reproduce the ABP waveform by using this bench system's design. Besides 
that, comparing the demodulation obtained through software and hardware proves the 
correct performance of the envelope detector circuit. The comparison between pressure 
sensor signal and hardware demodulated signal demonstrates, once again, that the 
developed hemodynamic probe works well. 
 
 
6.4.3 Tests using acquisition system version II 
6.4.3.1 Data Processing 
 
As described on subchapter 3.3.2, to acquire signals using the acquisition box it was 
necessary to develop an algorithm whose main steps allow the determination of probe 
resonant frequency, signal addressing, digilent activation, analog signal acquisition and 
conversion into digital data.   
Through this algorithm five options were made available to the user, allowing him to 
choose which pair of signals to visualize compare and analyze. The five options were: 
 Option 1: Positive and negative demodulated signals; 
 Option 2: Pressure and positive demodulated signals;  
 Option 3: Pressure and negative demodulated signals;  
 Option 4: Modulated and positive demodulated signals; 
 Option 5: Modulated and negative demodulated signals; 
Acquired signals which result from demodulation process had a significant inherent 
noise being necessary to filter them. As a result, a smooth filter with 150 points was 
used. 
 
6.4.3.2 Signals Result 
Experimental tests using the acquisition box were done and the output signals, presented 
on the following pages, were acquired according to the various options described 
previously.  
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Figure 6.8: Positive and negative demodulated signals. On image a) both positive and negative demodulated signals were not 
filtered while on image b) they were processed by applying a smooth filter.  
b) 
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a) b) 
Figure 6.9: Pressure sensor and negative demodulated signals. Images a) and b) differ from each other on the negative demodulated 
signal. Image a) presents the raw signal (with noise) while image b) present the filtered signal. 
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a) 
Figure 6.10: Pressure sensor and positive demodulated signals. Image a) has the positive demodulated signal before being 
filtered while image b) presents the positive demodulated after applying the smooth filter. 
b) 
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a) 
Figure 6.11: Modulated and positive demodulated signals. The demodulated signal is on its original form on image a) while on 
image b) it is filtered. 
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Based on the previous images, it is possible to conclude favorably towards the 
efficiency of the developed acquisition box and the best version of the test bench system 
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a) 
Figure 6.12: Modulated and negative demodulated signals.  Image a) presents the original version of the negative 
demodulated signal where is possible to see the noise that is associated to it. Contrarily, on image b) the negative 
demodulated signal is filtered. 
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The main objective of this project was to develop a functional instrumental method, 
based on concepts such as piezoelectricity, accelerometry, modulation and 
demodulation in order to assess APW and measure ABP. 
 
To enable experimental tests, two different test bench systems were developed to 
simulate the cardiovascular system, namely carotid artery dynamics. The first test bench 
system did not succeed since a significant noise was introduced and it was not capable 
of modulating the carrier wave in effective way (Figure 6.4). However, the second 
bench system was efficient, simulating perfectly ABP and leading to robust signals 
without noise. 
 
The hemodynamic probe, composed by a PZ sensor and an accelerometer, was 
developed and combined with an envelope detector circuit. Considering the signals 
obtained in experimental tests (Figure 3.8), is possible to confirm its correct 
performance. As expected, the probe output is a sinusoidal signal with high frequency 
whose amplitude is modulated by the pressure variation inside the vessel. Similarly, the 
demodulator circuit detects the envelope of the modulated signal with efficiency, 
according to the results obtained in experimental test results (Figure 4.8 and Figure 
4.12). 
 
The acquisition and conversion of analog output signals into digital data was only 
possible thanks to the two acquisition systems developed during this project. The first 
bench system revealed to be efficient, according to result signals on figure 6.7. 
However, limitations such as large dimension waste of energy and high cost of the 
materials that integrate this first system exposed the necessity to improve it. The second 
acquisition system integrates a PCB with the demodulator circuit and a Digilent module. 
It is smaller, cheaper, more available and portable besides being efficient on acquiring, 
logging and converting the signals, as figures 6.8, 6.9, 6.10, 6.11 and 6.12 show. 
 
Considering these facts, at the end we do succeed on detecting APW developing a very 
promising prototype for further ABP. 
 
                                                                                                                                                    Chapter 7: Conclusion 
84 
 
7.2 Future Work  
Despite all the work done during this project, there are still many improvements to be 
done in order to achieve an efficient and robust instrument capable of accurately 
measuring ABP, analyzing and assessing APW. Future interventions should lie 
essentially on following aspects: 
 Encapsulation of the hemodynamic probe; 
 Hemodynamic probe interface; 
 Development of robust algorithm;  
 Clinical tests; 
 Hardware improvements to discard computer usage.
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